The pH optimum of pancreatic cx-amylase from grain-fed steers was determined to be 6.9, while that of intestinal maltase was established at 5.8. Both assays were found to be linear up to 1 hr of incubation. The Vma x of pancreatic amylase was determined to be 1.15 mg of maltose monohydrate produced/hr. Activities of pancreatic and intestinal maltase were not reduced (P>.05) during the interval from sample collection from the animal until analysis 4 hr later when tissues were kept on ice. Twenty-four yearling Holstein steers fed either alfalfa hay at a maintenance level of metabolizable energy (ME) intake or corn at one, two or three times the maintenance ME intake level were slaughtered after being fed 106 days. The pancreas was removed along with sections of the intestine. Specific activity of pancreatic amylase for steers fed the high level of corn was 129% of that for steers fed the alfalfa diet (P>.05). Intestinal maltase activity was highest in the jejunum and decreased toward the ileum. Increasing dietary starch intake resulted in no response (P>.05) in maltase activity at 10, 30, 50, 70 or 90% of the small intestine length. The effect of dietary starch level on digesta pH was dependent on sampling location within the small intestine. There were no dietary effects (P>.05) on digesta pH for the first 10% segment of intestine distal to the pylorus. However, in all subsequent sections, digesta pH was higher (P<.05) for steers fed the alfalfa diet than for those fed the two higher levels of grain. A calculation for estimating the amount of pancreatic amylase needed to hydrolyze starch presented to the small intestine is discussed.
Introduction
The amount of starch that escapes ruminal fermentation increases as corn starch consumption increases (Karr et al., 1966) . Thus, postruminal digestion of starch assumes increased importance when high concentrate diets are fed. However, trends toward reduced digestibility of starch within the small intestine in response to increased starch consumption have been reported (Tucker et al., 1968; Galyean et al., 1979a) .
Possible causes of this depression of starch digestion in the small intestine include: (1) inadequate amylase production and(or)secretion (Karr et al., 1966) ; (2) a suboptimal pH within the small intestine for amylase activity (Wheeler and Noller, 1977) ; (3) inadequate maltase activity (Mayes and Orskov, 1974) ; (4) inadequate glucose absorption (Orskov et al., 1971) ; (5) structural effects of the starch granule and(or) grain kernel (Sansedt et al., 1968; Harbers, 1975; Galyean et al., 1979b) , and (6) an increased rate of passage (Sutton, 1971) .
Objectives of the present experiment were: (1) to measure pancreatic amylase and intestinal maltase activities in steers fed an all-forage diet or diets with increasing amounts of grain, and (2) to determine if the pH in the small intestine is optimal for these enzymes.
Experimental Procedures
Slaughter Procedures. Description of the cattle and diets fed is included in the section on Exp. 1 in the preceding paper (Russell et al., 1981) . Following a 106-day feeding period, one steer was selected daily at random from each treatment for slaughter. After a 16-hr fast, the steers were slaughtered at a local packing plant. Evisceration was performed approximately 20 min postslaughter, at which time the pancreas was removed, placed in a plastic bag and chilled on ice. The intestines were ligated in 12 positions to limit digesta movement and stripped of mesentery, and the length was recorded. Sections of intestine (30.48 cm in length) were tied off and removed at 10, 30, 50, 70 and 90% of the small intestine lenth. These samples were also placed in plastic bags and chilled on ice. Digesta were stripped from each 20% length of small intestine, and digesta pH was determined approximately 30 min postslaughter.
The pancreas and intestine sections obtained at slaughter were transported to the laboratory on ice. The pancreas was stripped of excess fat and chopped in a blender. Triplicate 2.5-g samples of this tissue were added to tubes containing 10 g of ice cold .9% NaCI solution and homogenized. The homogenate was centrifuged at 2,300 x g for 10 minutes. The supernatant was appropriately diluted with ice cold .9% NaC1 solution and amylase activity was determined by the method of Dahlqvist (1961) . One unit of amylase activity, as analyzed by this method, caused an increase in reducing power corresponding to 1 /amole of maltose monohydrate/hr at 37 C in .05 M phosphate buffer (pH 6.9).
The intestine sections were untied and gently rinsed with ice cold .9% NaC1. Mucosa was scraped from the serosa with a glass slide and diluted at a rate of 1 to 4 with ice cold .9% NaCI. The mixture was homogenized and the homogenate centrifuged at 2,300 x g for 10 minutes. The supernatant was appropriately diluted and maltase activity was assayed by the method of Dahlqvist (1964) . A unit of maltase was expressed as the activity hydrolyzing 1 /amole of maltose monohydrate/min at 37 C in .1 M maleate buffer (pH 5.8). Protein concentrations of the enzyme homogenates were determined by the method of Lowry et al. (1951) .
All data were subjected to analysis of variance, with significance of differences between means tested by Duncan's new multiple range test (Steel and Torrie, 1960) . Correlations were determined according to Snedecor and Cochran (1967) .
Results and Discussion
Amylase and Maltase Activity. Enzymatic assays were verified with tissues from grain-fed cattle slaughtered in the campus abbatoir. The pH optimum of pancreatic amylase was determined to be 6.9, while that of maltase was 5.8 (table 1) . Both assays were found to be linear up to 1 hr of incubation. The maximum velocity of pancreatic amylase was determined to be 1.15 mg of maltose monohydrate produced/ hr, when a 1 x 103 dilution of the homogenate was used. The Michaelis-Menten constant (K m) of amylase was determined to be 3.5 mg of gelled soluble starch/ml of substrate solution. Activities of pancreatic amylase and intestine maltase were not reduced significantly during the 4-hr interval from sampling to analysis when tissues were kept on ice (table 2) .
Specific activities of pancreatic amylase and intestine maltase for steers fed the alfalfa hay or corn at the three levels of metabolizable energy (ME) intake are shown in table 3. Although specific activities of amylase tended to be elevated in pancreatic tissues of steers fed the two highest levels of corn, differences between treatments were not significant. Clary et al. (1969) found that pancreatic amylase activity in 48 steers fed a diet of 66% corn, 26% corn silage and 8% soybean meal was 133% of that found in 24 steers grazing a grass-legume pasture. Similarly, in our study, the mean specific activity of pancreatic amylase in steers fed the high level of corn (three times maintenance; 3M) was 129% of that in animals fed the alfalfa hay diet. Specific activity of pancreatic amylase was also observed to increase when high concentrate diets were fed to sheep (Clary et aL, 1969) .
While the apparent increase in specific activity of pancreatic amylase cannot be equated with total enzyme secretion, Kentucky workers (Van Hellen et al., 1978) reported a 1.5-to 2.5-fold increase in both the flow of total pancreatic secretions and amounts of amylase secreted when steers were fed an 80% concentrate diet versus a 20% concentrate diet. Their data indicated that adaptation of the bovine pancreas to increased concentrate in the diet included both increased flow and amylase activity. Thus, it appears that long-term feeding avalues represent the means of values for six steers -+ standard errors.
blM, 2M and 3M indicate that diets were fed at one, two or three limes, respectively, the animal's maintenance metabolizable energy requirement. of a high grain diet may result in increased production of pancreatic amylase in ruminants similar to the effect observed in rats (Johnson et al., 1977) .
The trend toward a reduction in amylase activity of pancreatic tissue of steers fed corn at 1M by comparison with that in steers fed alfalfa hay may have resulted from differences in protein intake. Johnson et al. (1977) found that synthesis of amylase in rats could be stimulated by a high carbohydrate diet only in the presence of high quality proteins. Mean daily intakes of crude protein in the present experiment were 1.2, .7, 1.1 and 1.3 kg for steers fed the alfalfa hay diet or corn at one, two or three times maintenance ME, respectively.
The distribution pattern of intestinal maltase activity was similar to that observed previously (Siddons, 1968; Coombe and Siddons, 1973) , with the activity (milliunits per milligram protein) highest in the jejunum and decreasing toward the ileum (table 3) . Increased dietary starch intake produced no significant response in maltase activity in any section of the small intestine. This finding agrees with results of Coombe and Siddons (1973) , who reported no increase in intestinal maltase activity with age, regardless of diet. Since true starch composed 99.7% of the total alpha-glucoside in the feces of steers fed the highest level of corn, there was no apparent increase in concentration of maltose in the feces. Thus, it appears that an inadequate amount of intestinal maltase is not an important factor limiting total tract digestion of raw corn starch.
Intestinal pH. The effect of dietary starch level on digesta pH was dependent on sampling location within the small intestine (table 4). In the upper 10% (immediately distal to the pylorus) of the small intestine, no differences were observed in digesta pH. However, digesta pH was higher at locations further down the small intestine in animals fed the alfalfa hay diet than it was in animals fed the concentrate diets. Such a reduction in small intestinal pH in animals fed concentrate diets has been observed by others (Wheeler and Noller, 1977) . Those workers suggested that the decrease resulted from the formation of acidic ingesta in the rumen. In our study, pH values in the upper 10% of the small intestine were similar for steers fed the alfalfa hay and the grain diets. Thus, our results indicate that the lower pH observed in the distal portions of the small intestine of steers fed the higher levels of grain probably resulted from increased bacterial fermentation in the lower sections of the small intestine. A similar effect was observed by Mayes and Orskov (1974) when gelled starch was infused into the abomasum of sheep. Thus, the reduction in pH in the small intestine of animals fed high concentrate diets may result from incomplete starch digestion within the reticulo-rumen and its subsequent fermentation in the small intestine.
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c'd'eMeans in the same row bearing different superscripts differ (P<.05).
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ferment carbohydrates in the small intestine of ruminants (Mayes and Orskov, 1974) . Small quantities of cellulose have been reported to disappear from the small intestine (Armstrong and Beever, 1969 ), yet enzymes capable of cleaving cellulose are not produced by the host animal. Similarly, Sutton (1971) noted the disappearance of sucrose and fiber within the small intestine of ruminants, although few or none of the enzymes necessary for these hydrolyses were present.
Factors Limiting Small Intestinal Starch
Digestion. An inadequate supply of pancreatic amylase has been suggested as a factor limiting small intestinal starch digestion (Karr et al., 1966) ; thus, at high levels of starch intake, a portion of the starch leaves the small intestine unhydrolyzed. Although pancreatic flow rate was not determined directly in this study, theoretical calculations can be made to estimate the amount of pancreatic amylase needed to hydrolyze the starch presented in the small intestine. Utilizing the regression for starch flow to the duodenum from Exp. 2 of the preceding article by Russell et al. (1981) , Y --.31 X --81.20, where Y is the raw corn starch presented in the duodenum in grams per day and X is corn starch intake in grams per day, it can be calculated that 22.5 and 74.1 g of corn starch would be presented to the duodenum per hour at daily starch intakes of 2,000 and 6,000 g, respectively. It was previously determined (Russell, 1979) that only 7% of the alpha-glucosides had been digested at 40% of the small intestine length when up to 2,000 g of starch were infused abomasally; thus, 20.9 and 68.9 g of starch would be presented to the distal 60% of small intestine per hour. By the regression of starch flow through the ileum obtained in Exp. 2 of the preceding article (Russell et al., 1981) , Y = .18 X -74.88, where Y is the amount of starch leaving the ileum in grams per day and X is the starch intake in grams per day, a flow of 11.9 g starch/hr would be expected at the ileum at the lower level (2,000 g) of starch intake. Thus, 9 g of starch would be digested per hour in the distal portion of the small intestine. Assuming that no fermentation had occurred, that the mean pH of the digesta present in the distal 60% of the small intestine was 6.8 and that raw corn starch was hydrolyzed at 43% of the rate of gelatinized starch (Walker and Hope, 1963) , then 7,870 units of pancreatic amylase functioning at approximately 96% of the maximum rate (table 1) would be necessary for this hydrolysis. The same calculations indicate that 27 g of corn starch would be digested hourly when corn starch intake was increased to 6,000 g/day. If a mean digesta pH of 6.5 were assumed for the distal 60% of the small intestine (table 4) , then 27,310 units of amylase activity would be necessary for hydrolysis. This suggets an increase in the total amylase activity of 247 percentage units would be required to hydrolyze the increased starch flow through the small intestine. Recently, Van Hellen et al. (1978) reported a 250% increase in total amylase secreted when steers were fed diets containing 80 vs 20% concentrates. This evidence, plus observations from our study (table 3) and others (Clary et al., 1969) of increased specific activities of pancreatic amylase in response to increased starch intake, suggests that pancreatic amylase secretion would probably be adequate under the conditions imposed in these calculations. Our data (table 3) suggest that, if intestinal pH were lowered to 5.7, the relative activity of pancreatic amylase would decrease to about 53% of that at pH 6.9. In this situation, amylase secretion would not be adequate to hydrolyze the increased starch.
Two methods for improving small intestinal starch digestion are suggested by these calculations. First, an increase in pH by the use of buffers may be expected to increase small intestinal starch digestion by nearly 20 percentage units, since amylolytic activity would be only 83% of maximum at pH 6.5 (table 3) . However, as observed in previous experiments (Thornton et al., 1978; Russell et al., 1980) , buffer supplementation for improvement of starch digestion and feedlot performance has not always proved practical. Second, physical structure may play an extremely important role in depressed rate of digestion. Since raw corn starch may be digested at only 43% the rate of gelatinized starch (Walker and Hope, 1963) , complete gelatinization of the starch might increase small intestinal starch digestion by 133%. Under practical conditions, Osman et al. (1970) found that steam flaking of sorghum increased the rate of amylolysis by 130%. However, most of the increased starch digestion after such processing would be expected to occur in the rumen, and not in the small intestine (Waldo, 1973) .
In these calculations, rate of passage was expressed as the flow of digesta through the entire length of the small intestine. However, different flow rates at various sites in the intestine have been reported in young calves (Mylrea, 1966) . Differences in flow rates might drastically alter intestinal starch digestion. For example, if digesta flow rates were high in segments of corresponding high amylase activity, then starch digestion might be limited in that segment as a result of length of reaction time on enzyme kinetics. If a high flow rate were combined with a suboptimal intestine environment, such as low pH, further reductions in starch digestion could be expected. Additional research is needed to elucidate the influence of differenes in flow rates in various segments of the small intestine on the total enzymatic digestive capabilities for starch in ruminants.
